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A consequence of the acrosome reaction is to expose the inner acrosomal membrane (IAM), which is a requirement for the sperm’s ability to
secondarily bind to and then penetrate the zona pellucida (ZP) of the mammalian oocyte. However, the proteins on the IAM responsible for
binding and presumably penetrating the zona have not been identified. This issue can be resolved if direct information is made available on the
composition of the IAM. For this purpose, we devised a methodology in order to obtain a sperm head fraction consisting solely of the IAM bound
to the detergent-resistant perinuclear theca. On the exposed IAM surface of this fraction, we defined an electron dense protein layer that we termed
the IAM extracellular coat (IAMC), which was visible on sonicated and acrosome-reacted sperm of several mammalian species. High salt
extraction removed the IAMC coincident with the removal of a prominent 38 kDa polypeptide, which we termed IAM38. Antibodies raised
against this polypeptide confirmed its presence in the IAMC of intact, sonicated and acrosome-reacted sperm. By immunoscreening of a bovine
testicular cDNA library and sequencing the resulting clones, we identified IAM38 as the equivalent of porcine Sp38 [Mori, E., Kashiwabara, S.,
Baba, T., Inagaki, Y., Mori, T., 1995. Amino acid sequences of porcine Sp38 and proacrosin required for binding to the zona pellucida. Dev. Biol.,
168, 575–583], an intra-acrosomal protein with ZP-binding ability, whose precise localization in sperm was unknown. The blockage of IVF at the
level of the zona with anti-IAM38 antibodies and the retention of IAM38 after sperm passage through the zona support its involvement in
secondary sperm–zona binding. This study provides a novel approach to obtain direct information on the peripheral and integral protein
composition of the IAM for identifying other candidates for sperm–zona interactions.
D 2005 Elsevier Inc. All rights reserved.Keywords: Sperm; Inner acrosomal membrane; Inner acrosomal membrane coat; Sp38; IAM38; Acrosome reaction; Zona pellucida; Sperm–zona binding and
penetration; FertilizationIntroduction
The physical interactions between mammalian gametes that
culminate in fertilization begin with the penetration of
capacitated sperm through the cumulus oophorus followed
by their binding to the zona pellucida (ZP), an extracellular
coat surrounding the oocyte (reviewed by Wassarman, 1988;
Yanagimachi, 1994). In mouse, the plasma membrane of the
sperm binds first to the ZP, or more specifically to sperm0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.11.003
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E-mail address: ro3@post.queensu.ca (R. Oko).receptor ZP3, one of the three ZP glycoproteins. In pig, the
sperm receptor is a complex of two distinct ZP proteins, the
ZPB and ZPC (Yurewicz et al., 1998). The initial binding to
sperm receptor is called ‘‘primary binding’’ where species-
specificity is thought to reside (Wassarman, 1990; Bleil and
Wassarman, 1990). Shortly after this binding, sperm undergo
the acrosome reaction or acrosomal exocytosis, a form of
cellular exocytosis where multiple vesiculations occur between
the outer acrosomal membrane (OAM) and the overlying
plasma membrane, allowing release of acrosomal contents.
After completion of the acrosome reaction, most of the inner
acrosomal membrane (IAM) becomes exposed, except in the
region of the equatorial segment where the OAM and the290 (2006) 32 – 43
www.e
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mori, 1998). Consequently, the exposed IAM is free to contact
the ZP and bind to a second kind of protein ligand (ZP2) on
the surface of the zona; this ‘‘secondary binding’’ is
compulsory for subsequent sperm–zona penetration (Bleil et
al., 1988; Mortillo and Wassarman, 1991). Although second-
ary binding to and penetration of the ZP are essential for
successful natural fertilization, the sperm molecules involved
in these interactions remain enigmatic.
The discovery of a secondary binding step following the
acrosome reaction stimulated a search for sperm proteins
involved in this critical fertilization step. Several acrosomal
proteins have been proposed, including proacrosin/acrosin
(Topfer-Pertersen and Henschen, 1988; Urch and Patel, 1991;
Jones, 1991), PH-20 (Hunnicutt et al., 1996; Cowan et al.,
1991; Yudin et al., 1999), SP17 (Richardson et al., 1994; Kong
et al., 1995), MC41 (Tanii et al., 2001), SAMP32 (Hao et al.,
2002) and SAMP14 (Shetty et al., 2003). However, either the
localization of these putative receptors to the IAM before or
after the acrosomal exocytosis and during zona binding and
penetration remains unresolved, or their ZP2-binding ability is
not established.
The objective of this study was to devise a procedure by
which we could obtain direct information on the peripheral and
integral protein composition of the sperm’s IAM, with the
intent of identifying candidate receptors on IAM that could
interact with ZP during secondary binding. By devising such
an approach, we have identified several peripheral and integral
IAM proteins that remain on this membrane during zona
binding and penetration. Here, we report the presence of a
glycoprotein coat that remains on the IAM after the acrosome
reaction and whose most prominent constituent is a 38 kDa
peripherally attached protein (IAM38). This protein was
previously reported to have zona-binding ability on ZP2-solid
support assays (Mori et al., 1993).
Materials and methods
Sperm head isolation
Rat, bull and boar epididymal or ejaculated sperm were sonicated with a
Vibrocell Sonnicator (50 Watt model, Sonics and Materials Inc., Danbury, CT)
to detach the sperm head from the tail according to the procedure of Oko and
Maravei (1994, 1995). The heads were separated from the tails in 80% sucrose
by ultracentrifugation at 200,000g in a T155 Beckman rotor for 1 h at 4-C.
All steps were done at 4-C with protease inhibitor (0.2 mM phenylmethylsul-
fonyl fluoride, PMSF) added. The isolated sperm heads after this treatment
were designated as sonicated sperm heads (SSpH).
Isolation of the apical tips from rat SSpH
Rat SSpH, suspended in 50 mM PBS, pH7.4, with protease inhibitors
added were sonicated at full intensity on ice for 15 s burst (approximately
4) until most of the apical tips detached from SSpH as evaluated by
phase contrast microscopy. Subsequently, the tips were separated from the
tipless sperm heads in a 30/80% discontinuous sucrose gradient ultracen-
trifuged at 100,000  g in a Beckman Ti41 rotor for 15 min at 4-C. The
apical tips were collected from the 30/80% interface while the tipless heads
resided in the pellet. The two fractions were then respectively washed in 50
mM PBS, pH7.4 to remove the sucrose.Extraction of integral and peripheral membrane proteins
The rat tips, tip-less heads and SSpH and bull SSpH were either extracted
with non-ionic detergent (0.2% Triton X-100 + 20 mM Tris–HCl, pH7.4 for 1
h at 4-C) or high salt (1 M KCl+ 20 mM Tris–HCl, pH7.4 for 1 h or overnight
at 4-C) in order to remove integral or ionic bound membrane proteins,
respectively, according to Hjelmeland (1990). After centrifugation at 14,000 g
for 10 min, the supernatants were then dialyzed overnight at 4-C with 4 changes
of dH2O and lyophilized for subsequent electrophoretic analysis. Additionally,
rat, bull and boar SSpH were extracted for 1 h or overnight at 4-C in Laemmli’s
sample buffer (1970) containing 2% SDS but without reducing agent added,
centrifuged at 14,000  g for 10 min, and the supernatant (with or without
reducing agent added) analyzed directly by SDS-PAGE.
SDS-PAGE and Western blotting
Lyophilized protein extracts and sperm head fractions before and after
extraction were dissolved in sample buffer containing 2% SDS with and
without 5% h-mercaptoethanol and run on 12% SDS-PAGE according to
Laemmli (1970). SDS-PAGE gels were silver stained (Wray et al., 1981) or
Coomassie blue stained to show the protein profile. Proteins separated by SDS-
PAGE gel were electrophoretically transferred to PVDF membrane (Millipore,
Mississauga, ON) according to the transfer techniques proposed by Towbin et
al. (1979) for Western blotting. The immunoreactivity on Western blots was
detected with peroxidase labeled goat anti-rabbit IgG (H + L) (Vector
Laboratories, Inc., Burlingame, CA) diluted 1:10,000 (v/v) using enhanced
chemiluminescent substrate (Pierce, Rockford, IL) with exposure to X-ray
films.
Antibody production
The high salt extract of bull SSpH (containing IAM38 as the major band)
was used to immunize New Zealand white rabbits as previously described
(Tovich and Oko, 2003). The immune sera were affinity-purified on isolated
IAM38 according to Oko and Maravei (1994). The affinity-purified antibody,
termed anti-IAM38, was used for Western blotting, immunocytochemistry and
immunoscreening of a bull testicular cDNA expression library. After high salt
extraction of bull SSpH, the centrifuged and washed pellet was extracted in
Triton X-100 to obtain an abundant supply of IAM32 (see Fig. 4B). This
extract was used to raise immune sera against IAM32, which was then
subsequently affinity-purified on isolated IAM32 and termed anti-IAM32.
Anti-PAWP antibody was raised in a similar way to IAM32 but produced and
affinity-purified against the recombinant PAWP protein.
Once IAM38 was cloned, a polyclonal antibody was raised in rabbits
against a synthetic oligopeptide chosen from a species conserved hydrophilic
region of the deduced open reading frame (see Fig. 6). This antibody, termed
anti-C38, was affinity-purified on recombinant IAM38 and used in IVF trials
and for immunoblotting and immunocytochemistry to confirm the specificity
and localization of anti-IAM38.
Molecular cloning of cDNA encoding IAM38
Anti-IAM38 serum, recognizing only IAM38 on Western blots, was
used to screen a bull testicular ZAP Expressi cDNA library (Stratagene,
La Jolla, CA) following the method of Young and Davis (1983a,b). The
phagemids of two positive clones were excised by transfecting them with
helper phage into XL-1 Blue cells and the resulting secreted and
circularized plasmids were transformed into XLOLR cells with kanamycin
selection. The selected colonies were grown for plasmid isolation and
inserts released by restriction digest for agarose gel analysis. The plasmids
of both clones were then sequenced by Cortec Service (Queen’s University,
Kingston, ON) using the ABI PRISMi Dye Terminator Cycle Sequencing
Kit with AmpliTag\ DNA polymerase. As both clones proved to be
identical, only one clone with a 1.2 kb insert was chosen for second and
third round sequencing analysis in which both strands were sequenced
completely. The deduced amino acid sequence of the open reading frame of
this cDNA contained a sequence identical to the N-terminal of isolated
Y. Yu et al. / Developmental Biology 290 (2006) 32–4334IAM38 obtained by Edman’s degradation (Sheldon Biotechnology Service,
McGill University, QC).
Induction of acrosome reaction
Isolated epididymal hamster, guinea pig, rat, and mouse sperm were washed
with 25 mM PBS (pH 7.4) and living sperm were collected using ‘‘swim-up’’ in
TALP medium. Acrosome reaction was induced in heparin-capacitated sperm
with 2 AM calcium ionophore A23187 (Sigma, Oakville, ON), or by exposure
to mouse zona pellucida (for mouse sperm only).Fig. 1. Procedure for obtaining apical tips from isolated and sonicated rat sperm he
tips. Scale bar = 10 Am. (B) After an intense sonication, the apical tips (arrowhead) b
to as tipless heads. Scale bar = 10 Am. (C) Apical tip fraction separated from tipless
diagrammatic comparison of the morphology of the intact rat sperm head and an a
perinuclear theca (PT) or perforatorium (P). The dash line within the stippled region
cross-sections of the apical sperm head from regions with and without the nucleus, r
devoid of the nucleus (dashed line) and is made up solely of the perforatorium and
points to where nuclei would have been. Scale bar = 0.4 Am. (F) Higher magnificat
(IAM) and the densely stained material above it is the inner acrosomal membrane
acrosomal membrane; ES, equatorial segment; A, acrosome; P, perforatorium.Ultrastructural immunocytochemistry and indirect
immunofluorescence
Epididymal sperm, sperm fractions, acrosome-reacted sperm and testis
were fixed in 4% formaldehyde + 0.8% gluteraldehyde and embedded in
LR white (Polysciences, Inc., Warrington, PA) according to procedure
described by Tovich et al. (2004). Ultra thin sections were mounted on
Formavar-coated nickel grids (Polysciences Inc., Warrington, PA) for
immunogold labeling using anti-IAM38 according to the procedure of
Oko et al. (1996). A secondary 10 nm gold conjugate goat anti rabbit IgGads (SSpH). (A) Phase contrast micrograph of sperm heads with intact tapering
reak off from the whole sperm heads, leaving the SSpH with blunt ends, referred
heads by sucrose gradient centrifugation. Scale bar = 10 Am. (D) A schematic
pical tip (bold arrow). The stippled region of the rat sperm head represents the
represents the location of the nucleus under the PT. 1 and 2 are representative
espectively. As a comparison, profile 3 represents an isolated apical tip which is
IAM. (E) Survey electron micrograph of cross-sections of apical tips. Arrow
ion cross-section of apical tip. The white line is the inner acrosomal membrane
coat (IAMC). Scale bar = 0.1 Am. PM, postacrosomal membrane; OAM, outer
Fig. 2. Electron microscopic analysis of ionophore (A23187) induced
acrosomal exocytosis in the rat. Cross-sections through the apical rat sperm
head before (A), in the process (B) and after (C) acrosomal exocytosis. Scale
bars = 0.2 Am. Longitudinal sections through the hamster sperm head before
(D) and after (E) acrosomal exocytosis. The IAMC appears to be retained after
the acrosomal exocytosis. Note that even before the exocytosis, the IAMC is
visible within the acrosome. Scale bars = 0.2 Am. A, acrosome; P,
perforatorium; N, nucleus; OAM, outer acrosomal membrane; ES, equatorial
segment; IAMC, inner acrosomal membrane coat; AG, acrosome ghost.
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sections were counterstained with uranyl acetate followed by lead citrate.
Acrosome-reacted spermatozoa were fixed with 3.7% paraformaldehyde,
mounted onto slides and labeled using anti-IAM38; secondary antibody was
FITC conjugated swine anti-rabbit IgG (1/20, v/v) (DAKO, Mississauga, ON).
To detect IAM38 during in vitro fertilization, porcine zygotes with intact
ZP, and those in which ZP was removed by protease treatment, were fixed in
2% formaldehyde as described by Sutovsky (2004). Zygotes were sequentially
incubated with anti-C38 (dil. 1/20), washed and incubated with a mixture of
TRITC-conjugated goat anti-mouse IgG (Zymed, S. San Francisco, CA) and
DNA stain DAPI (Molecular Probes, Eugene, OR). Processed oocytes were
mounted on microscopy slides and observed under a Nikon Eclipse 800
epifluorescence microscope equipped with DIC optics and CoolSnap HX CCD
camera. Fluorescence and DIC channels were combined by MetaMorph image
acquisition software and edited by Adobe Photoshop 5.5 software. Negative
control ova fertilized in the presence of preimmune serum were photographed
with settings comparable to acquisition settings of ova processed with anti-C38.
Collection and in vitro maturation of porcine oocytes
Ovaries were collected from prepubertal gilts at a local slaughterhouse and
transported to the laboratory in a warm box (25–30-C). Ovaries were rinsed in
0.9% NaCl solution containing 75 Ag/ml penicillin G and 50 Ag/ml
streptomycin sulfate at room temperature (20–25-C). Cumulus oocyte
complexes (COCs) were aspirated from antral follicles (3 to 6 mm in diameter)
using a 18 gauge needle attached to a 10 ml disposable syringe. COCs were
washed three times in HEPES-buffered Tyrode lactate (TL-HEPES-PVA)
medium containing 0.1% (w/v) polyvinyl alcohol (PVA) and three times with
the maturation medium. A total of 50 COCs were transferred to 500 Al of the
maturation medium that had been covered with mineral oil in a 4-well multidish
(Nunc, Roskilde, Denmark) and equilibrated at 38.5-C, 5% CO2 in air. The
medium used for oocyte maturation was tissue culture medium (TCM) 199
(Gibco, Grand Island, NY) supplemented with 0.1% PVA, 3.05 mM d-glucose,
0.91 mM sodium pyruvate, 0.57 mM cysteine, 0.5 Ag/ml LH (L 5269, Sigma),
0.5 Ag/ml FSH (F 2293, Sigma), 10 ng/ml epidermal growth factor (E 4127,
Sigma), 75 Ag/ml penicillin G and 50 Ag/ml streptomycin. After 22 h of culture,
oocytes were cultured without LH and FSH for 22 h at 38.5-C, 5% CO2 in air.
In vitro fertilization and culture of porcine oocytes
After the completion of culture of oocytes for in vitro maturation, cumulus
cells were removed with 0.1% hyaluronidase in TL-HEPES-PVA medium and
were washed three times with TL-HEPES-PVA medium and Tris-buffered
(mTBM) medium (Abeydeera et al., 1998) containing 0.1% (w/v) BSA (A
7888, Sigma), respectively. Thereafter, 25–30 oocytes were placed into each of
four 50 Al drops of the mTBM medium, which had been covered with mineral
oil in 35-C 10-mm2 polystyrene culture dish. The dishes were kept in the
incubator for about 30 min until spermatozoa were added for fertilization. A
semen pellet was thawed in PBS containing 0.1% PVA (PBS-PVA) and
centrifuged at 600  g on 80% and 60% two Percoll (Sigma) layers for 10 min.
The sperm were resuspended and washed twice in PBS-PVA at 1900  g for 4
min, respectively. At the end of washing procedure, the sperm was resuspended
in mTBM medium. After appropriated dilution, 50 Al of this sperm suspension
was added to 50 Al of the medium that contained ooctyes to give a final sperm
concentration of 5  105 cells/ml. Oocytes were coincubated with spermatozoa
for 6 h at 38.5-C, 5% CO2 in air. One microliter of anti-C38 and other affinity-
purified control sera at concentrations specified in results were added to IVF
medium at the time of insemination to examine the possible immunoblock of
IVF. At 6 h after IVF, oocytes were transferred into 500 Al NCSU-23 culture
medium containing 0.4% BSA (A 6003, Sigma) for further culture of 19 h.
At 19 h after insemination, oocytes were fixed in 2% formaldehyde in PBS,
with and without permeabilization in 0.1% Triton-X-100, at room temperature
for 40 min (Sutovsky, 2004). To stain sperm and oocyte DNA, oocytes were
incubated with 2.5 Ag/ml DAPI (Molecular Probes, Eugene, OR) in PBS with
0.1% Triton-X-100 and mounted on microscopy slides. Pronuclear formation,
sperm penetration, embryo cleavage and zona-bound sperm were counted under
a Nikon Eclipse 800 epifluorescence microscope at a magnification of 400.Oocytes were considered fertilized when they had one or more swollen sperm
heads and/or male pronuclei with their corresponding sperm tails (Abeydeera et
al., 1998), detected by differential interference contrast (DIC) optics in the
ooplasm.
Unless otherwise mentioned, all chemicals used in this study were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Statistical analysis
To measure the effect of anti-IAM38 antibodies on porcine fertilization in
vitro, the analysis of variance (ANOVA) was performed using the general linear
model procedure of the Statistical Analysis System (Cary, NC). The Duncan’s
multiple range test was used to compare mean value of individual treatments,
when the F value was significant ( P < 0.05).
Results
Isolation and high salt extraction of tips
Isolated rat SSpH had tapering apical tips (Fig. 1A) which
were broken off by intense sonication (Fig. 1B) leaving the
SSpH with blunt ends (tipless heads). The tips and tipless heads
were then isolated from each other on a sucrose gradient (Fig.
1C). Fig. 1D is a schematic diagram comparing the morpho-
Fig. 3. Ultrastructural and biochemical consequence of 1 M KCl extraction on rat sperm apical tips. Cross-section of an apical tip before (A) and after (C) salt
extraction. Scale bars = 0.2 Am. The dashed lines in the phase contrast micrograph of an isolated tip (inset) indicate the level of the sections in panels A and C. SDS-
PAGE (B), under reducing conditions, shows a decrease in the intensity of a 38 kDa protein band in the tips after the extraction (compare lanes 1 and 2) coinciding
with both the appearance of a 38 kDa band in the extract (lane 3) and the removal of most of the IAMC from the IAM (compare A and C). Because the membranes
are not osmicated in our tissue preparation, they appear as noticeable white lines only if they are contrasted by electron-dense cellular material on either side.
Therefore, once the IAMC is salt extracted, the IAM becomes much less visible. Lane 1, protein profile of apical tips before extraction; Lane 2, protein profile of
apical tips after 1 M KCL extraction; Lane 3, protein profile of 1 M KCl extract; P, perforatorium; IAM, inner acrosomal membrane; IAMC, inner acrosomal
membrane coat.
Fig. 4. Extraction of IAM proteins from sonicated and isolated bull sperm heads
(SSpH). (A) Bull SSpH seen by phase-contrast microscopy. Scale bar = 5 Am
(B) SDS-PAGE analysis (under reducing conditions) of salt-extractable (1 M
KCl) bull SSpH proteins revealed a major polypeptide with a molecular mass o
38 kDa (asterisk, lane 3). Lane 1 is the molecular mass standards in kDa and
lane 2 is the whole protein profile of the SSpH. This 38 kDa protein was also
extractable from SSpH in 0.2% TritonX-100 along with another prominen
protein of 32 kDa (lane 4); however, if KCL extraction was done prior to Triton
X-100 extraction, only the 32 kDa protein remained (lane 5). The SDS-PAGE
mobility of both proteins was the same under reducing and non-reducing
conditions, indicating that both proteins are non-covalently bound in situ.
Y. Yu et al. / Developmental Biology 290 (2006) 32–4336logy of the isolated tip to the intact rat sperm head compiled
from numerous electron micrographs. Ultrastructurally, the
isolated tips were free of the nucleus and consisted mainly of
the IAM attached to the perforatorium (Figs. 1D–F). Some of
the cross-sections of the tips displayed a central oval cavity
(arrows) where the nucleus had resided, while the majority
displayed a central triangular rod like structure containing the
electron dense perforatorium (Fig. 1E). Of particular interest
was the visualization of an electron dense layer, covering the
surface of the inner acrosomal membrane (IAM), which we
termed the inner acrosomal membrane coat (IAMC) (Fig. 1F).
This coat was also evident in acrosome-reacted sperm from a
number of species (Fig. 2).
To provide evidence that the IAMC consists of ionic bound
peripheral membrane proteins, the intact tips (Fig. 3A) were
extracted with 1 M KCl. In addition to analyzing the protein
content of the extract and of the tips, before and after extraction
(Fig. 3B), electron microscopy was used to examine the effect
of the high salt extraction on the IAMC of the tips (Fig. 3C).
SDS-PAGE showed a decrease in the intensity of a 38 kDa
protein band in the tips after extraction (compare lanes 1 and 2
in Fig. 3B) coincident with both the appearance of a 38 kDa
band in the extract (Fig. 3B, lane 3) and the removal of most of
the IAMC from the IAM (Fig. 3C), when compared to tips
before extraction (Fig. 3A).
High salt and non-ionic detergent extraction of bull SSpH
In order to scale up our extraction procedure (to obtain
enough protein for antibody production and peptide sequenc-
ing), we used isolated and sonicated bull sperm heads (SSpH)
(Fig. 4A) that by ultrastructural evaluation were missing their
plasmalemma and acrosomal contents but retained their IAM.
As was the case for rat SSpH, the major salt-extractable.
f
t
Fig. 5. Western blots of sperm extracts immunolabeled with antibodies raised
against the 38 kDa polypeptide (IAM38). (A) Anti-IAM38 serum affinity-
purified on the isolated 38 kDa band, specifically labeled a 38 kDa polypeptide
in whole bull sperm (lane 1), KCl extract of bull SSpH (lane 2), whole rat
sperm (lane 3) and KCl extract of rat SSpH (lane 4). Molecular mass markers
are in kDa. The samples were run on SDS-PAGE under reducing conditions
and then transferred to Western blots for immunoblotting. (B) 2% SDS extracts
of rat- (lanes 1, 2), bull- (lanes 3, 4) and boar- (lanes 5, 6) SSpH that were
Coomassie stained and immunolabeled with affinity-purified anti-C38 serum,
respectively. It is important to note that the Commassie staining was done after
the immunoblotting on the same lane. The extracts were run on SDS-PAGE
without the addition of reducing agents. The molecular mass markers are in
kDa.
Y. Yu et al. / Developmental Biology 290 (2006) 32–43 37protein of the bull SSpH was a protein of 38 kDa (Fig. 4B,
lane 3). Importantly, we found that Triton X-100 extracted the
38 kDa protein along with another prominent 32 kDa proteinFig. 6. Nucleotide sequence of bovine IAM38 cDNA and its deduced amino acid
sequence of the isolated protein was determined by Edman degradation and is underl
be responsible for binding to the ZP2 (Mori et al., Dev Biol 168, 575–583, 1995) is
anti C-38 antibody is shown in bold.from the bull SSpH (Fig. 4B, lane 4). However, prior salt
extraction removed the 38 kDa protein so that on subsequent
Triton X-100 extraction only the 32 kDa protein of was found
(Fig. 4B, lanes 5).
Antibody specificity and verification of cross-species protein
identity
Anti-IAM38 serum raised and affinity-purified against the
salt extractable 38 kDa polypeptide specifically labeled a 38
kDa band found in whole sperm and KCl extracts of SSpHs in
both bull and rat (Fig. 5A). As was the case for KCL extracts,
the 38 kDa polypeptide was also found to be a prominent
component in SDS extracts of rat, bull and boar SSpH (Fig. 5B).
Isolation and sequencing of cDNA clones
Several positive cDNA clones were obtained from immu-
noscreening of a bull testicular ZAP Express cDNA library
using affinity-purified anti-IAM38 antibody. The nucleotide
sequence of the longest cDNA clone and the deduced amino
acid sequence of its open reading frame are shown in Fig. 6.
Residues 1–14 of the deduced amino acid sequence were
identical to the first 14 residues found in the high salt extracted
38 kDa protein by Edman’s degradation, verifying the
authenticity of our clone. BLAST analysis (Altschul et al.,sequence (GenBank Accession No. DQ317530). The N-terminal amino acid
ined by a solid line. The amino acid sequence KRLXX(XXX)LIE, suggested to
shown in italic. The amino acid sequence of the oligopeptide used for producing
Fig. 8. Membrane permeabilization of the sperm head is required to retrieve
IAM38 antigenicity by immunofluorescence. Phase contrast micrographs (A
D) of same fields (B, C), respectfully, immunofluorescence labeled with ant
IAM38 serum (anti-C38). Bull sperm before (A, B) and after (C, D) Triton X
100 permeabilization. Scale bars = 5 Am.
Y. Yu et al. / Developmental Biology 290 (2006) 32–43381990) identified IAM38 cDNA as the bull equivalent of
previously cloned porcine Sp38 (Mori et al., 1995) and showed
the nucleotide sequence to be 90% identical to porcine SP38
mRNA and 89% identical to the human homologue. Protein
alignment using LALIGN showed 92.2% identity to porcine
SP38 in 306aa overlap.
The sequence KRLXX(XXX)LIE, which according to Mori
et al. (1995) is responsible for ZP2 binding, is also present in
bull, murid and human IAM38.
Localization of IAM38 on sperm
After IAM38 was cloned, a polyclonal antibody, anti-C38,
was raised in rabbit against a synthetic oligopeptide conserved
among bull, mouse, pig and human. Identical to anti-IAM38,
affinity-purified anti-C38 labeled one band in whole sperm and
1 M KCl SSpH extracts (not shown). As predicted from the
biochemical extractions, anti-C38 immunogold labeled the
IAMC of rat and bull sperm (Figs. 7A–E). Isolated and
sonicated rat sperm head tips clearly showed that the labeling
was on the surface of the IAM (Fig. 7B). Only in the equatorialFig. 7. Immunogold localization of IAM38 in the sperm head using anti-C38
antibody. In cross-sections of the mature rat sperm (A) and isolated rat tips (B),
the labeling is mainly associated with the IAM and IAMC. Similarly,
immunogold labeling is over the IAM and IAMC (arrows) of the epididymal
bull spermatozoa (C–E). Notice the presence of the labeling in the equatorial
segment and the absence of labeling in the perinuclear theca (E). IAM, inner
acrosomal membrane; IAMC, inner acrosomal membrane coat; ES, equatorial
segment; PS, postacrosomal sheath; Scale bars = 0.2 Am.,
i
-region was labeling found adjacent to the outer acrosomal
membrane (Figs. 7A and E). Permeabilization of the sperm
head with Triton X-100 was required in order to label IAM38
by immunofluorescence (Fig. 8), reinforcing the intra-acroso-
mal location of this protein and proposing anti-C38 as an
excellent probe indicator of acrosomal exocytosis.
Retention of the IAMC after the acrosome reaction and IVF
Retention of IAM38 immunolabeling on the exposed IAM
surface was short lived in sperm induced to undergo the
acrosome reaction by ionophore (i.e., within 60 min of
induction, most of the surface immunolabeling had disap-
peared). We reasoned that this disappearance of surface
epitopes was artifactual and could be explained by proteolysis
induced by a multiple variety of hydrolytic enzymes released
from the acrosome within the confined space of a test tube. In
order to validate this assumption, we chose to trace the fate of
IAM38 during in vitro fertilization (IVF) in the swine.
Immunofluorescence labeling of IAM38 was retained on the
surface of the IAM both before (Fig. 9A) and after sperm
penetration (Fig. 9B) of the zona pellucida, indicating that
during natural fertilization the integrity of the IAMC is
preserved after the acrosome reaction. Preimmune serum to
anti-C38 served as a negative control (not shown).
IAM38 antibodies block porcine in vitro fertilization
Retention of the IAM38 on the sperm surface after the
acrosome reaction in situ suggested a role for this major IAMC
protein in zona binding and penetration. Indeed, adding affinity-
purified anti-C38 serum at a dilution of 1/100 into the IVF
medium (to attain a final concentration of 0.14 Ag/ml)
significantly decreased the porcine IVF rate when compared to
a no antibody control, and such an effect was not observed in the
presence of other control immune sera (Fig. 10A) or with
increased dilutions of anti-C38 (1/200) (not shown). Control
immune sera were against another prominent IAM protein (anti-
IAM32; final concentration in the IVF medium of 0.17 Ag/ml)
and a sperm postacrosomal sheath WW domain binding protein
(anti-PAWP; final concentration in IVF medium of 0.25 Ag/ml)
likely involved in egg activation. The specificity of the binding
Fig. 10. Effect of anti-IAM38 antibody (anti-C38) in swine IVF. (A) Block
graph depicting mean percentage T SE of oocytes (n = 38–43 including 2
trials) that were fertilized after incubation with sperm in IVF medium
containing anti-IAM38, anti-IAM32, anti-PT32 (PAWP) or no antibodies
(No Ab). (B) Graph showing the mean number T SE of sperm bound to the
zona pellucida after insemination of oocytes in the same trial and conditions
as above. Superscripts a and b in both figures denote a significant
difference at P < 0.05.
Fig. 9. Dual epifluorescence (A–D) and DIC-microcopy (AV–DV) imaging of
IAM38 in boar sperm during zona pellucida-induced acrosome reaction (A, C,
D) and after zona penetration (B) of swine oocytes. In panel A, the acrosome-
reacted spermatozoa are adjacent to the ZP (AV). Inset shows a side view of a
zona-bound spermatozoon. In panel B, the sperm have already penetrated the
zona and are attached to oolemma (BV). Zona pellucida was removed from this
egg prior to immunofluorescence processing, leaving only the oolemma-bound
spermatozoa. Panels C and D show the confirmation of the specific binding of
anti-C38 antibody to sperm IAM during IVF-antibody block studies. The
binding of anti-C38 (C) and a control, unrelated rabbit antibody (D) was
detected by the incubation of inseminated, fixed ova with goat-anti rabbit IgG-
TRITC (GAR-TRIC; red). DNA in all figures was counterstained with DAPI
(blue). ZP, zona pellucida; Ool., oolemma. Scale bars = 5 Am.
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reacted spermatozoa was confirmed by secondary detection with
fluorescence labeled goat anti-rabbit IgG (Fig. 9C) and
appropriate negative controls (Fig. 9D). The reduction in
fertility, with anti-C38 bound to acrosome-reacted sperm, was
coincident with a significant decrease in the amount of sperm
bound to the zona pellucida when compared to the controls (Fig.10B). Importantly, with anti-C38 (0.14 Ag/ml) in the IVF media,
no sperm were ever found adjacent to the oolemma in the
unfertilized eggs, implying blockage of zona penetration.
Reducing the concentration of anti-C38 in half abolished its
blocking effect on zona binding (not shown). It is noteworthy
that one of the control sera used was raised against IAM32,
another prominent IAM protein (Fig. 4), but it was ineffectual in
preventing fertilization in vitro even though it coated the
exposed IAM during IVF (unpublished data). This diminishes
the argument that steric hindrance by antibody coating of the
IAM could have led to blockage of zona binding and/or
penetration. In context of SP38Vs previously shown ZP2-binding
ability (Mori et al., 1995), this result resurrects the idea of this
protein’s involvement in secondary sperm–egg binding.
Discussion
Fig. 11 consolidates our biochemical, ultrastructural and
immunocytochemical evidence for the existence in mammalian
sperm of an inner acrosomal membrane coat (IAMC) that
becomes exposed after the acrosome reaction (Fig. 11B) and
potentially harbors proteins involved not only in sperm–zona
pellucida secondary binding, but zona penetration as well. It
illustrates how our sonicated sperm head ‘‘tip’’ (Fig. 11C)
serves as an appropriate model to selectively extract these
Fig. 11. Schematic depiction of apical cross-sections through a falciform sperm
head before (A) and after (B) acrosomal exocytosis and following ultra-
sonication to break of apical tips (C). Both the acrosomal exocytosis and
sonication result in the exposure of the inner acrosomal membrane coat
(IAMC), which is attached to the inner acrosomal membrane (IAM). A
tentative model of the IAM membrane and its relationship to the underlying
perforatorium and overlying coat is depicted in (D). P, perforatorium.
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detergent and high salt-resistant perforatorium. In this study,
we provide evidence that IAM38 is a prominent peripheral
protein of the IAM. However, we have evidence that several
other proteins, including proteolytic ones, make up this
peripheral membrane coat. We suggest that these peripheral
proteins are attached by non-covalent bonds (as is IAM38) to
underlying integral membrane proteins of the IAM (e.g.,
IAM32) that in turn are attached to the underlying perinuclear
theca or perforatorial proteins (Fig. 9D). The concept that the
IAM contains specialized proteins involved in secondary
binding and penetration of the zona pellucida is not new and
has been proposed by Yanagimachi (1994) and Wassarman
(1999) in their comprehensive reviews on fertilization. We
strengthen this concept by providing: physical evidence for the
existence of an extracellular electron dense layer adjacent to the
IAM, biochemical evidence that the proteins in this layer are
bound to the IAM by ionic bonds and developmental evidence
that these proteins are retained on the IAM surface after zona
pellucida-induced acrosome reaction in situ. Characterization
of the most prominent of these peripheral proteins, IAM38,
provides compelling support for this layer’s role in fertilization.
The search for sperm proteins involved in secondary
binding to the zona pellucida turned up several candidates.
The most studied one, shown to exhibit secondary zona-
binding activity even after inactivation of protease activity, was
proacrosin (Topfer-Pertersen and Henschen, 1988). The bind-
ing was thought to be due to strong ionic interactions betweenpolysulfate groups on ZP glycoproteins and the carbohydrate
moieties and basic residues on the surface of proacrosin (Urch
and Patel, 1991; Jones, 1991). However, Mori et al. (1995)
demonstrated that the conversion of proacrosin to acrosin
attenuated the ZP-binding activity of proacrosin. They found
that this loss in binding was most likely due to the proteolytic
loss of proacrosin residues 365–372 (KRLQQLIE). Further-
more, proacrosin-null mice were able to fertilize female mice,
although zona binding and penetration in vitro were substan-
tially reduced when compared to wild type controls (Baba et
al., 1994). In addition, competitive experiments using recom-
binant acrosin to preincubate with oocytes before IVF
suggested that there are other proteins that participate in
secondary binding as well (Crosby and Barros, 1999). Finally,
as far as we are aware, no evidence exists that proacrosin
resides on the IAM. Another candidate displaying both
hyaluronidase activity and secondary binding to the zona is
PH 20 (Hunnicutt et al., 1996), a 64/53 kDa protein, which
after the acrosome reaction was reported on the basis of
immunofluorescence detection to translocate from the guinea
pig sperm plasma membrane to the surface of the IAM (Cowan
et al., 1991). Immunogold labeling at the ultrastructural level
localized PH20 to the IAM of acrosome-reacted monkey sperm
(Yudin et al., 1999). In contrast, PH20 immunoreactivity was
reported to be lost in acrosome-reacted bovine sperm and its
major distribution was in the postacrosomal sheath region
(Lalancette et al., 2001). Moreover, recent studies showed that
despite the absence of sperm PH20, the mutant male mice were
still fertile (Baba et al., 2002). Sp17 (24/17 kDa), another
proposed secondary binding sperm protein was shown to be
present on the equatorial surface of acrosome-reacted rabbit
and mouse spermatozoa (Richardson et al., 1994). However,
recombinant rabbit Sp17 can bind to ZP1 and ZP3 but not to
ZP2 (Yamashaki et al., 1995). This is at odds with the studies
of Bleil and Wasserman (Bleil et al., 1988), which predicted
ZP2 as the ligand involved in secondary binding. The MC41
protein of mouse acrosomal cortical matrix has been shown to
have ZP2-binding activity. However, it is an intra-acrosomal
protein not found on the IAM after the acrosome reaction. In
addition, it is suggested not to bind to ZP2 directly, but
indirectly via other high-salt soluble proteins (Tanii et al.,
2001). SAMP32 and SAMP14 are two proteins associated with
the IAM and retained after the acrosome reaction, but their
affinities to the ZP2 have not been specified (Hao et al., 2002;
Shetty et al., 2003). Their suggested functions are at the level
of sperm-oocyte membrane binding/fusion. The 26S protea-
some, a multi-subunit acrosomal protease implicated in the
process of sperm-ZP penetration and retained on IAM
(Sutovsky et al., 2004), could be held in place by the IAMC
after acrosomal exocytosis.
The original, binary model of acrosome reaction emphasizes
two states for spermatozoa: acrosome-intact and acrosome-
reacted, ignoring any intermediate stages between the two. An
updated, analog model of acrosome reaction, referred to as
acrosomal exocytosis, proposes the existence of transitional
states of acrosomal exocytosis during sperm–cumulus
oophorus and –zona pellucida interactions (Gerton, 2002).
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acrosomal matrix, a structure within the acrosome adjacent to
the outer acrosomal membrane (Olson et al., 2004). It is
speculated that this structure, at least in the hamster and shrew,
acts as a tether on the surface of the zona pellucida enabling
sperm penetration through the zona. A major protein of this
matrix is zonadhesin, which in the hamster was shown to bind
to the zona pellucida in a species-specific manner (Hardy and
Garbers, 1994; Bi et al., 2003). Most likely, the peripheral lawn
of proteins we have identified on the IAM represents the final
state of acrosomal exocytosis, as this protein coat is retained
after the acrosomal reaction and during zona penetration. Its
most abundant protein constituent, IAM38, may interact with a
prominent 32 kDa protein of the IAM (IAM32), as they
coextract in stoichemetric amounts in non-ionic-detergents.
Salt extraction prior to detergent extraction eliminates IAM38
indicating that IAM38 and IAM32 are peripheral- and integral-
membrane proteins, respectively. IAM32, which we have
cloned and characterized, immunolocalizes to the IAM and
also appears to connect to the underlying perinuclear theca
(unpublished data). As these two proteins are the most
prominent members of the IAM complex, characterizing their
relationship to each other and to the underlying perinuclear
theca could be fundamental to understanding the molecular
structure and function of the IAM during fertilization.
We have identified IAM38 as the bull equivalent of porcine
SP38 (Mori et al., 1993, 1995). SP38 was originally purified
from a detergent extract of porcine sperm and shown along
with proacrosin, by a solid-phase binding assay, to bind to ZP2
in a calcium dependent manner (Mori et al., 1993). Its mRNA
contains a 1053 nt open reading frame, which encodes a
precursor protein of 350 AA, which is then processed during
spermiogenesis to a mature form of 299 AA (Mori et al., 1995).
SP38 was shown to contain 3 potential N-glycosylation sites
and based on the molecular mass reduction of SP38 after
glycanase treatment it was concluded that most likely two of
these sites are indeed glycosylated (Mori et al., 1995).
These investigators found SP38 to be intra-acrosomal by
immunofluorescence labeling but showed that the reactivity
disappeared in acrosome-reacted sperm after a 60-min iono-
phore induction. Furthermore, hydrophobicity plots of the
mature form of SP38 argued against it being membrane
integrated. They thus concluded that this protein is released
following the acrosome reaction, which did not lend support to
its role of binding the IAM surface of sperm to the zona
pellucida during fertilization. For the reasons outlined in the
results, we also found IAM38 immunoreactivity to diminish
over time in the acrosome after ionophore induction in several
species of sperm. However, our in situ immunolocalization data
during IVF indicate that this protein is retained on the IAM
surface after the acrosome reaction and after zona penetration
and thus rekindles the idea of IAM38 as an important player in
sperm–zona secondary binding. Precaution is therefore war-
ranted in deciding on an acrosomal protein’s longevity based
on induction of the acrosome reaction in a test tube.
Unlike anti-IAM32 serum, which was raised against the
whole molecule, anti-C38 was raised against a speciesconserved 16 amino acid segment of IAM38. Both antibodies
were affinity-purified on respective isolated or recombinant
proteins before their use in IVF. Importantly, both polyclonal
antibodies labeled the surface of the IAM after sperm zona
penetration, but only anti-C38 was able to block penetration in
IVF trials even though presumably anti-IAM32 should have
recognized many more epitopes than anti-C38 on the IAM
surface. This comparative IVF result, therefore, argues against
steric hindrance-induced blockage of zona binding/penetration
by antibody coating of the IAM, but favorably for IAM38Vs
secondary zona binding role. It also suggests that secondary
binding is prerequisite for zona penetration. However, even if
one should adopt the view of steric hindrance as the cause of
anti-C38 serum blockage of zona penetration, the result clearly
bolsters the hypothesis that the IAM and especially its
peripheral coat (IAMC) are essential for the penetration of
the zona pellucida of the oocyte during fertilization. In this
context, together with IAM38, we have salt extracted several
proteolytic proteins and proteasomal subunits from the surface
of the IAM, which potentially may be involved in lytic activity
during zona penetration.
Several lines of evidence argue in favor of IAM38/SP38Vs
potential universal role in secondary-zona binding during
mammalian fertilization. First, the nucleotide and amino acid
sequences of boar, bull, human and murid IAM38 are highly
conserved (¨90%). Secondly, IAM38 appears to be testis-
specific (Mori et al., 1995) and exclusively associated with the
acrosomal membrane of spermatids and spermatozoa. Thirdly,
IAM38 is likely the most abundant protein to be retained on the
IAM after the acrosomal reaction. Finally, its motif, KRLSKAN-
LIE, whose synthetic peptide was shown byMori et al. (1995) to
effectively inhibit binding of boar SP38 to ZP glycoprotein is
conserved in bull, human and murid. However, final confirma-
tion of its universal role will depend on cross-species IVF
inhibition trials utilizing specific blocking peptides and anti-
bodies and perhaps ultimately by nullifying the gene in mice.
In summary, we have devised a sperm head fractionation
procedure that allows for a more direct approach in the
compositional analysis of the IAM. Utilizing this approach, we
have identified an inner acrosomal membrane coat and its
prominent constituent, IAM38, among several other less
conspicuous polypeptides. The discovery of this layer may
provide a new perspective in tackling the issue of sperm–zona
interaction. Since IAM38 is the most prominent protein of the
IAMC, is present on the IAM of acrosome-reacted and zona
penetrating sperm, specifically binds to ZP2 and antibodies
raised against it can block IVF, we suggest that it is a strong
candidate for secondary sperm–zona binding.
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